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Flavonoids inhibit the platelet TxA, signalling pathway
and antagonize TxA, receptors (TP) in platelets and

smooth muscle cells

José A. Guerrero, Leyre Navarro-Nuiiez, Maria L. Lozano, Constantino Martinez, Vicente Vicente, Jonathan M. Gibbins' &
José Rivera
Unit of Haematology and Clinical Oncology, Centro Regional de Hemodonacién, University of Murcia, Murcia, Spain and *School of
Biological Sciences, University of Reading, Reading, UK

What is already known about this subject

+ Flavonoids are largely recognized as potential inhibitors of
platelet function, through nonspecific mechanisms such
as antioxidant activity and/or inhibition of several

enzymes and signalling proteins.

In addition, we, and few others, have shown that certain
antiaggregant flavonoids may behave as specific TXA2

receptor (TP) ligands in platelets.

Whether flavonoids interact with TP isoforms in other cell

What this study adds

+ This study first demonstrates that certain flavonoids behave
as ligands for both TP isoforms, not only in platelets, but also
in human myometrium and in TP-transfected HEK 293T cells.
Differences in the effect of certain flavonoids in platelet
signalling, induced by either U46619 or thrombin, suggest
that abrogation of downstream TP signalling is related to their
specific blockage of the TP, rather than to a nonspecific effect
on tyrosine kinases or other signalling proteins.

types is not known, and direct evidence that flavonoid—TP
interaction inhibits signalling downstream TP has not

been shown.
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Aims

Flavonoids may affect platelet function by several mechanisms, including antagonism
of TxA, receptors (TP). These TP are present in many tissues and modulate different
signalling cascades. We explored whether flavonoids affect platelet TP signalling, and
if they bind to TP expressed in other cell types.

Methods

Platelets were treated with flavonoids, or other selected inhibitors, and then stimulated
with U46619. Similar assays were performed in aspirinized platelets activated with
thrombin. Effects on calcium release were analysed by fluorometry and changes in
whole protein tyrosine phosphorylation and activation of ERK 1/2 by Western blot
analysis. The binding of flavonoids to TP in platelets, human myometrium and TPo-
and TPB-transfected HEK 293T cells was explored using binding assays and the TP
antagonist *H-SQ29548.

Results

Apigenin, genistein, luteolin and quercetin impaired U46619-induced calcium
mobilization in a concentration-dependent manner (ICso 10-30 um). These flavonoids
caused a significant impairment of U46619-induced platelet tyrosine phosphorylation
and of ERK 1/2 activation. By contrast, in aspirin-treated platelets all these flavonoids,
except quercetin, displayed minor effects on thrombin-induced calcium mobilization,
ERK 1/2 and total tyrosine phosphorylation. Finally, apigenin, genistein and luteolin
inhibited by >500% *H-SQ29548 binding to different cell types.

Conclusions

These data further suggest that flavonoids may inhibit platelet function by binding to
TP and by subsequent abrogation of downstream signalling. Binding of these
compounds to TP occurs in human myometrium and in TP-transfected HEK 293T cells
and suggests that antagonism of TP might mediate the effects of flavonoids in different
tissues.
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Introduction

The central involvement of platelets in the development
of atherothrombosis [1], the leading cause of death in
developed countries, raises interest in the potential pre-
vention of platelet hyperactivity by dietary components,
including flavonoids. These are a heterogeneous group
of plant polyphenolic compounds, all sharing a primary
chemical structure of two benzene rings linked through a
pyrone ring, that are believed to have anticarcinogenic,
anti-inflammatory and antithrombotic activity [2, 3].

Classically viewed as natural antioxidants, research
into the mechanisms by which flavonoids affect cell
function increasingly reveals that these compounds do
not act solely through a conventional hydrogen-donating
activity, but may also exert selective actions at enzymes,
receptors, components of kinase signalling cascades and
gene regulators [4-6]. It is likely that the specific aspects
of flavonoid structure, such as number and substitution
of hydroxyl groups, degree of unsaturation or glycosy-
lation status, will largely influence its mechanism of
action on target cells. With regard to platelets, many
dietary flavonoids have been long shown to inhibit plate-
let function, but the underlying mechanisms are far from
clear [7-12].

Thromboxane A, (TxA;) is a powerful unstable
inducer of platelet activation and aggregation produced
by sequential arachidonic acid metabolism by cyclooxy-
genase and thromboxane synthase, upon activation of
platelets with agonists such as adenosine diphosphate,
thrombin or collagen. Once generated, TxA; acts in an
autocrine and paracrine manner, increasing activation
and recruitment of the surrounding platelets to the site of
vascular damage [13]. The major involvement of TxA;
in the pathogenesis of atherothrombosis is demonstrated
by the established clinical benefits of treating risk
patients with aspirin, an irreversible inhibitor of
cyclooxygenase [14]. However, aspirin is neither effi-
cient in all patients nor free of an increased risk of
bleeding or other undesirable complications [15, 16].
Thus, the search for other TxA, pathway modulators that
could be not only selective and effective, but also safe
and well tolerated, is of great interest [17].

TxA, effects on platelets, and on other target cells,
are mediated via interaction with specific seven-
transmembrane G-protein-coupled receptors (GPCR).
The TxA, receptor (TP) is encoded by a single gene that
is alternatively spliced in the carboxyl terminus resulting
in two variants, TP (343 residues) and TP (407 resi-
dues), that share the first 328 amino acids [18, 19].
While platelets express the message for both TPa and
TPB, the former is the predominant isoform in these
cells [20]. The TP is functionally coupled to distinct

134 | 642 | BrJClin Pharmacol

heterotrimeric G proteins, notably G4 and Gizss, and
participates in the activation of multiple signalling cas-
cades [21, 22]. Consistent with the important role of TP
signalling in platelet function and haemostasis, mice
lacking this receptor have prolonged bleeding times and
impaired aggregation response to TxA, analogues [23].
Several studies have shown that flavonoids impair
agonist-induced TxA, formation through the inhibition
of arachidonic acid liberation and metabolism by
cyclooxygenase and TxA; synthase activities [9, 24-26].
Moreover, studies using TxA, analogues indicate that
certain flavonoids may behave as TP antagonists [27,
28]. However, direct interaction of flavonoids with TP
and their interference on the TP signalling pathway have
not been investigated in detail [29, 30].

We have recently observed that certain flavonoids that
behave as ligands for I-BOP (a TP agonist) binding sites
inhibit platelet secretion and aggregation induced by
collagen and arachidonic acid, but not by thrombin [31].
Here, we show that these flavonoids specifically impair
signal transduction events downstream of the platelet TP,
namely TxA.-induced Ca* mobilization and protein
phosphorylation. In addition, we further demonstrate by
competitive radioligand binding assays the interaction of
these flavonoids with TP, not only in platelets but also in
human myometrium and in a cellular model expressing
the TP isoforms.

Materials and methods

Reagents

Apigenin, quercetin and rutin were kindly provided
by Furfural Espafiol (Murcia, Spain). Genistein and
luteolin were from Sigma-Aldrich Quimica (Madrid,
Spain). The TP agonist U46619 (9,11-dideoxy-9a,11o-
methanoepoxy-prosta-5Z,13E-dien-1-oic  acid) and
human thrombin were from Calbiochem-Novabiochem
AG (Lucerne, Switzerland). The TP agonist 1-BOP
([1S-[10,20(2),3B(1E,35*),40]]-7-[3-[3-hydroxy-4-(4-
iodophenoxy)-1-butenyl]-7-oxabicyclo[2.2.1]hept-2-yl]
-5-heptenoic acid) and the stable synthetic TP antagonist
SQ29548  ([1S-[1la,20(Z),30,40]]-7-[3-[[2-[(phenyla-
mino)carbonyl]hydrazino]methyl]-7-oxabicyclo[2.2.1]
hept-2-yl]-5-heptenoic acid) were purchased from
Cayman Chemical (Ann Arbor, MI, USA).

The tritium-labelled antagonist *H-SQ29548 (specific
activity 48.2Cimmol™) was from PerkinElmer
(Boston, MA, USA). Oregon Green 488 BAPTA-1 AM
was from Molecular Probes (Eugene, OR, USA). Pro-
tease inhibitor and phosphatase inhibitor cocktail 1l were
from Sigma-Aldrich Quimica. The Src kinase inhibitor
PP2 and the MEK/ERK inhibitor U0126 were obtained
from Calbiochem-Novabiochem. Monoclonal antiphos-



photyrosine PY20 purified mouse immunoglobulin was
from Sigma-Aldrich and monoclonal antiphospho ERK
1/2 antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Monoclonal antibody SAP.4G5 to Bl
tubulin was from Abcam Ltd (Cambridge, UK). Anti-
mouse 1gG horseradish peroxidase antibody and the
ECL detection system were purchased from Amersham
Biosciences Europe GmbH (Barcelona, Spain). Lipo-
fectamine were from Invitrogen SA (Barcelona, Spain).
All other chemicals and solvents were of the highest
analytical grade commercially available.

Isolation of platelets

Blood samples were collected from healthy volunteers
in 13 mm trisodium citrate (final concentration) supple-
mented with prostaglandin E; (0.14 um) and apyrase
(100 U IY). Platelets were isolated and washed free of
plasma components by the Mustard procedure [32] and
resuspended in the appropriate assay buffer. The platelet
concentration was determined using a Coulter counter
(STKS; Coulter Electronics, Hialeah, FL, USA) and
adjusted to an appropriate count for the experiment to be
performed. In all cases, platelets were left to rest at 37°C
for 30 min prior to experiments.

Measurement of intraplatelet free calcium

concentration ([Ca?"])

Washed platelets (600 x 10° I'*) in calcium-free Krebs—
HEPES buffer (118 mm NaCl, 4.7 mm KCI, 1.2 mm
MgSO,, 1.2 mMm KH,PO, 4.2 mm NaHCO;, 11.7 mm
glucose, 10 mm HEPES, pH 7.4) were incubated with
3 um Oregon green BAPTA-1 AM for 45 min at 37°C
[33]. Excess of fluorochrome was removed by two steps
of centrifugation of platelets at 800 g, 8 min and
washing in modified Tyrode’s buffer (137 mm NacCl,
2.9 mm KCI, 12 mm NaHCO3, 0.42 mm Na;HPO,, 2 mm
MgCl,, 5.5 mm glucose, 10 mm HEPES, pH 6.5) and
then resuspended at 200 x 10° It in Krebs—-HEPES
buffer. To establish the concentration of flavonoid nec-
essary to obtain half-maximal inhibition of [Ca®*]; mobi-
lization (1Cs), platelets were incubated with flavonoids
at different concentrations, or with equivalent volume of
dimethylsulphoxide, in the presence of 2 mm ethylene
glycol tetraacetic acid (EGTA), before U46619 (2 um)-
induced [Ca?*]; mobilization. To investigate the selective
effect of flavonoids on the inhibition of [Ca?*"]; mobili-
zation, platelets or aspirin-treated platelets (1 mm
aspirin for 10 min at room temperature) were incubated
with flavonoids (50 um) and stimulated with 2 um
U46619 or 0.5 U ml™ thrombin (aspirin-treated plate-
lets).

Blockage of TP signalling by flavonoids I

Fluorescence was recorded using a FLUOstar fluo-
rometer (BMG Laboratory Technologies GmbH,
Offenburg, Germany) with excitation and emission
wavelengths of 488 nm and 520 nm, respectively [33].
At the end of each experiment, fluorescence intensities
were calibrated for determination of [Ca*]; values by
permeabilizing cells with 0.5% Triton X-100 in the pres-
ence of 2 mm CaCl, to release all the dye (Fma) and
subsequent chelating with 10 mm EGTA (Fpin). Calcium
concentrations were calculated using the equation
[Ca®*]i = Kd X (F = Frin)/(Fmax — F). An equilibrium dis-
sociation constant (Kd) of 170 nm was used for Oregon
Green 488 BAPTA-1 AM. The dose-dependent inhibi-
tion curve achieved for each flavonoid was analysed
with a nonlinear curve-fitting package (Ultrafit; Biosoft,
Cambridge, UK) to establish the concentration of fla-
vonoid necessary to obtain half-maximal inhibition of
[Ca®*]; mobilization of (ICsy).

Analysis of protein phosphorylation

Washed platelets (1 x 10* 1) were resuspended in
calcium-free Tyrode’s buffer pH 7.35, also containing
1 mm EGTA to prevent signalling events dependent on
aggregation and secretion [11]. Platelets, or aspirin-
treated platelets (1 mm aspirin for 10 min at room tem-
perature) if specifically stated, were incubated either
with flavonoids or with other compounds and were then
stimulated with agonists at 37°C for 2 min under stir-
ring. Incubations were terminated by adding 2%
sodium dodecyl sulphate (SDS) Tyrode’s buffer also
containing 1:50 volume of protease and phosphatase
inhibitor cocktails. Proteins were resolved by SDS—
polyacrylamide gel electrophoresis under reducing
conditions. Immunodetection of total tyrosine phospho-
rylated proteins and phosphorylated ERK 1/2 was per-
formed using PY20 and antiphospho-ERK 1/2 (both at a
1:1000 dilution), respectively, followed by appropriate
peroxidase-labelled secondary antibodies. Intra-assay
control of protein loading was assessed by immunode-
tection of BI tubulin. Blots were exposed to enhanced
chemiluminiscence reagents and to preflashed photo-
graphic film. Densitometric measurements were made
using a Chemi-Doc densitometer and Quantity One soft-
ware (Bio-Rad, Segrate, Italy) and the intensities of
phosphorylation were expressed as arbitrary units. Com-
parisons were made with phosphorylation levels
achieved by platelets activated with agonists in the
absence of flavonoids or other inhibitors.

Transfection of TPo and TP cDNA into HEK 293 T cells
HEK 293T cells, kindly provided by C. Jimenez-
Cervantes (University of Murcia, Spain), were grown in
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Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum, and 2 x 10° cells were
plated in 60-mm culture dishes 24 h before transfection.
Cells were transiently transfected with the purified
pcDNA3 plasmid expressing o or  isoforms of TP,
kindly provided by J-L. Parent (University of Sher-
brooke, Québec, Canada). Transfections were performed
with lipofectamine according to the manufacturer’s rec-
ommendations. Cells were harvested 24 h after transfec-
tion, washed twice in DMEM medium and resuspended
in phosphate-buffered saline.

Myometrium preparation

Samples of human myometrium, free from endometrium
and serosa, were obtained from the corpus uteri of three
hysterectomies performed for benign gynaecological
disorders, with approval of a local Research Ethics
Committee. The tissues were collected in saline, washed
and frozen for a maximum period of 1 week before
processing. For binding experiments, a crude membrane
fraction was prepared by the method described by
Chiang and Tai [34]. Isolated longitudinal and circular
muscles were cut into small pieces and mechanically
homogenized (Polytron; Brinckman Instruments, West-
bury, NY, USA) in 10 mm Tris—HCI buffer (pH 7.4) con-
taining 10 um indomethacin and 0.29 um phenylmethyl
sulphonyl fluoride. The homogenate was centrifuged at
2000 g for 30 min at 4°C and the supernatant was then
centrifuged twice at 40 000 g (for 30 min at 4°C). The
resulting pellets were washed twice and suspended in
SQ buffer (10 mm Tris—HCI, 120 mm NaCl, 5 mm
glucose, 0.8 um indomethacin, pH 7.4). The protein con-
centration was determined using a Bradford assay kit
(Bio-Rad, Richmond, CA, USA) and homogenates were
frozen for a maximum period of 2 weeks before use in
radioligand binding studies.

Radioligand binding studies

The myometrial membrane fractions (100 ug per tube),
platelets (100 x 10° per tube) or HEK 293T cells
(1 x 10° per tube) in SQ buffer were incubated in dupli-
cate with 5 nm*H-SQ29548 alone or in the presence of
increasing concentrations of unlabelled SQ29548, in a
final volume of 0.5 ml SQ buffer containing 2 mm eth-
ylenediamine tetraacetic acid. Nonspecific binding was
determined in the presence of 10 um cold SQ29548.
After incubation at room temperature for 45 min, the
incubation mixture was filtered through a Millipore
GF/C glass-fibre filter (Millipore Ibérica, Madrid,
Spain) using a vacuum filtration device (1225 Sampling
Manifold; Millipore Ibérica). After washing out three
times, the filters were placed in glass vials, 5 ml scintil-
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lation liquid (OptiSolv; FSA Laboratory, Loughbor-
ough, UK) was added and the filter bound radioactivity
was counted (Wallac 1409 counter; AG & G, Turku,
Finland). The equilibrium binding data for *H-SQ29548
in TP-transfected HEK 293T cells, human myometrium
and platelets were fitted to a single class of sites, using
the ‘Cold” option of the computer program LIGAND
(Kell-Biosoft, Cambridge, UK). This computer analysis
provides both the number of binding sites (Bma) and the
affinity constant of the ligand for these sites (Kd).

To assess the ability of flavonoids to bind to TP,
binding assays were performed, essentially as above,
by incubating platelets, HEK cells and myometrium
samples, with 5 nm®H-SQ29548 either alone or in the
presence of 100 um flavonoids. According to our previ-
ous work [31], this concentration is expected to reduce
significantly the ligand binding to TP.

Statistical analysis

Results are reported as mean * SD from at least three
experiments conducted on different platelet, tissue or
cell samples. Statistical comparisons of untreated
samples and those treated with the flavonoids or with
other test compounds were achieved by two-tailed
paired t-test using Prism for Windows version 4.0
(GraphPad Inc., San Diego, CA, USA). Differences
were considered significant when P < 0.05.

Results
Effect of flavonoids in TP-dependent calcium mobilization.
To investigate whether flavonoids interfere in platelet
TxA; signalling pathways, we first assessed their effect
on calcium mobilization after selective stimulation of
platelet TP. As illustrated in Figure 1, stimulation of
Oregon Green-loaded platelets with 2 um U46619, in
the presence of 2 mm EGTA to prevent aggregation and
the influx of extracellular calcium, resulted in a fast
10-fold increase in the intraplatelet calcium concentra-
tion. As shown, the flavone apigenin impaired this
U46619-induced [Ca?*]; mobilization in a concentration-
dependent manner. Under these experimental condi-
tions, other tested flavonoids such as genistein, luteolin
and quercetin also behaved as inhibitors of U46619-
induced calcium flux, with concentrations between 10
and 30um displaying half-maximal impairment
(Table 1). By comparison with these compounds, rutin,
the glycosylated counterpart of quercetin, exhibited a
negligible effect even at very high concentration, while
SQ29548, a recognized TP antagonist, also inhibited
U46619-induced [Ca?]; (Table 1).

To analyse further the specificity of such inhibition,
we investigated the effect of flavonoids on thrombin-
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Figure 1

Inhibition of [Ca?*]; mobilization by apigenin. A representative example of
interference of [Ca*]; mobilization by some flavonoids. Oregon Green
BAPTA-1 AM-loaded platelets were stimulated with 2 um U46619 in the
absence or in the presence of increasing concentrations of apigenin and
[Ca?*]; mobilization was recorded vs. time as stated in Materials and
methods. The arrow indicates the addition of agonist

Table 1
Dose-dependent inhibition of U46619-induced [Ca?'];
mobilization by flavonoids and by SQ29548

Flavonoid ICso (umol ")
Apigenin 16.6 £ 6.1
Genistein 15.0 = 6.1
Luteolin 105+ 3.4
Quercetin 264 *+22
Rutin >500
SQ29548 0.007 = 0.003

Oregon green BAPTA-1 AM-loaded platelets (200 x10° ")
were incubated with increasing concentrations of fla-
vonoids or SQ29548, before U46619 (2 um) induced
[Ca*]; mobilization. Dose-dependent inhibition curves were
analysed with Ultrafit software to calculate the concentra-
tion of flavonoid necessary to obtain half-maximal inhibi-
tion of [Ca**]; mobilization (ICss). Results are mean + SD
values from three experiments with different platelets.

induced [Ca?]; mobilization in aspirin-treated platelets.
Consistent with the previous data, when flavonoids were
added at a concentration intended to inhibit the U46619-
induced [Ca*]; mobilization (all flavonoids except for
rutin), a strong inhibition of U46619-induced [Ca*'];
mobilization was observed by all tested compounds but

Blockage of TP signalling by flavonoids I
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Figure 2

Effect of flavonoids on U46619- and thrombin-induced [Ca?];
mobilization. Oregon green BAPTA-1 AM-loaded platelets, or aspirin-
treated platelets, were incubated with dimethylsulphoxide (DMSO),
flavonoids (50 um) or with the TP antagonist SQ29548 (1 um) and
stimulated with 2 um U46619 or 0.5 U ml~' thrombin. Data represent
mean percentage of inhibition compared with mean peak calcium
concentration with DMSO [n = 3; *indicates significant differences
(P<0.05) in [Ca*]; mobilization upon activation with U46619 or
thrombin]. Open bars represent U46619-activated platelets; black bars
indicate thrombin-stimulation of aspirin-treated platelets. API, Apigenin;
GEN, genistein; LUT, luteolin; QUE, quercetin; RUT, rutin; SQ, SQ29548

rutin, as well as by the TP antagonist SQ29548.
However, these compounds caused a minor inhibitory
effect on [Ca*; mobilization upon thrombin stimulation
(Figure 2).

Effects of flavonoids on TP-dependent whole platelet
tyrosine phosphorylation and on ERK 1/2
phosphorylation

Since it is known that signalling through TP is accom-
panied by tyrosine phosphorylation of multiple proteins
[21, 22], we investigated the effect of flavonoids on
U46619-induced whole protein tyrosine phosphoryla-
tion. These experiments were carried out in platelets
stimulated under non-aggregating conditions due to the
inclusion of 1 mm EGTA, thus attempting the study of
TP-dependent primary signalling events, rather than
secondary events following secretion and aggregation.
Because this experimental approach reduces levels of
positive feedback signalling as a result of calcium che-
lation, a high concentration of U46619 (5 um) was used
in order to ensure a substantial increase in protein
tyrosine phosphorylation. Consequently, in these assays
the flavonoids were also tested at increased concentra-
tions (4-10-fold; 100 um) when compared with the 1Cso
values for platelet calcium mobilization (Table 1). As
illustrated in Figure 3, we confirmed that U46619 stimu-
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Figure 3

Effect of flavonoids on U46619-induced tyrosine phosphorylation

of platelet proteins. Washed platelets, in the presence of ethylene

glycol tetraacetic acid (1 mm), were incubated with vehicle
(dimethylsulphoxide), flavonoids (100 um), the TP antagonist SQ29548
(10 um) or with the Src kinase inhibitor PP2 (10 um) and stimulated
with 5 um U46619 for 2 min. Platelets were then lysed and
phosphotyrosine-containing proteins were identified by Western blot
using PY20 antibody. A representative blot is shown in the upper panel.
In each case, tyrosine phosphorylation was quantified by densitometry
using Quantity One software. The lower panel shows comparative results
of tyrosine phosphorylation achieved with platelets stimulated with
U46619 in the absence or presence of flavonoids, SQ29548 or PP2.
Data are mean =+ SD from four separate experiments. API, Apigenin;
GEN, genistein; LUT, luteolin; QUE, quercetin; RUT, rutin; SQ, SQ29548.
*P<0.05 compared with phosphotyrosine content in U46619-stimulated
platelets in the absence of inhibitors

lation increased platelet phosphotyrosine content in
several proteins, the most notable with MW of 120-
130 kDa, 100-105 kDa, 60-80 kDa and smaller proteins
of 50 and 40 kDa. Figure 3 also shows that pretreatment
of platelets with either apigenin, genistein, luteolin or
quercetin (100 um)) resulted in a sharp inhibition of
U46619-induced increased level of protein tyrosine
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phosphorylation, which remained similar to levels
found in nonstimulated platelets. In this respect, these
flavonoids resembled the effect of the TP antagonist
SQ29548 or that of the Src kinase inhibitor PP2. The
glycosylated flavonoid rutin, which, as shown above,
displayed negligible effect on [Ca*]; mobilization, also
caused no significant impairment in U46619-induced
rise of phosphotyrosine content (Figure 3).

Phosphorylation of the extracellular signal-regulated
kinase (ERK) isoforms of mitogen-activated protein
(MAP) kinases has been previously implicated in cell
signalling downstream TP in platelets and other cells
[21, 35]. Consistently, we found that stimulation
of platelets under our experimental conditions with
U46619 (5 um) resulted in marked phosphorylation of
ERK 1/2, which was inhibited by the TP antagonist
SQ29548 and by the specific MEK inhibitor U0126
(Figure 4). Platelet treatment either with apigenin,
genistein, luteolin or quercetin also resulted in a sharp
inhibition of U46619-induced phosphorylation of ERK
1/2. In contrast, treatment of platelets with rutin resulted
in no change in the phospho-ERK content compared
with that found in platelets stimulated in the absence of
flavonoid (Figure 4).

Effects of flavonoids on whole platelet tyrosine
phosphorylation and on ERK 1/2 phosphorylation
induced by thrombin

The above observations are consistent with the antago-
nism of TP receptors by some flavonoids. This may,
however, also be explained by less selective inhibition of
kinases, as has been reported in a number of studies,
antioxidant potential or a combination of each of these.
Experiments were therefore performed to assess whether
the deleterious effect of apigenin, genistein, luteolin or
quercetin, but not rutin, in the U46619-promoted
increase in phosphotyrosine protein content and on ERK
1/2 phosphorylation was related to selective impairment
of the TP signalling, or a consequence of other mecha-
nisms. We examined the effect of these flavonoids on
thrombin-induced phosphorylation events in aspirin-
treated platelets. In these platelets thrombin elevated
phosphotyrosine protein content, and this increase was
significantly impaired by the Src kinase inhibitor PP2
(Figure 5). In contrast, the TP receptor antagonist
SQ29548 had a negligible effect on this thrombin-
induced response, indicating that it is a TxA-
independent process. Under these experimental
conditions, quercetin and, to a lesser extent, luteolin
behaved as efficient inhibitors of thrombin-induced
whole protein tyrosine phosphorylation, while rutin,
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Figure 4

Inhibition of U46619-induced phosphorylation of ERK 1/2 by flavonoids.
Washed platelets, containing ethylene glycol tetraacetic acid (1 mm),
were incubated with vehicle [dimethylsulphoxide (DMSO)], flavonoids
(100 um), SQ29548 (10 um) or the MEK inhibitor U0O126 (10 um),
before activation with 5 um U46619. Platelet lysates were subjected to
sodium dodecyl sulphate—polyacrylamide gel electrophoresis and
Western blotting with a specific phospho-p44/42 ERK monoclonal
antibody. Equal protein loading was verified using antibody against fI
tubulin. The upper plot is a representative example from six separate
experiments with distinct platelet samples. The lower panel compares
the densitometric quantification, using Quantity One software, of
U46619-promoted ERK phosphorylation achieved in presence or
absence of flavonoids, or U126 (mean =+ SD, n=6). API, Apigenin;
GEN, genistein; LUT, luteolin; QUE, quercetin; RUT, rutin; SQ, SQ29548.
*P<0.05 compared with ERK phosphorylation detected in stimulated
platelets in the absence of inhibitors (+DMSO)

genistein and apigenin displayed a minor inhibitory
trend (which did not reach significance, Figure 5).

As can be seen from Figure 6, thrombin also promoted
ERK 1/2 phosphorylation in aspirinized platelets, and
this effect was sharply reduced by the specific MEK
inhibitor U0126. In contrast, this thrombin activation
response was not significantly impaired by either the TP
antagonist SQ29548 or any of the tested flavonoids
(Figure 6).

Effect of flavonoids on *H-SQ29548 binding to platelets
and other cells

The above findings are consistent with the hypothesis
that certain flavonoids behave as selective TP antago-
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Effect of flavonoids on thrombin-induced protein tyrosine
phosphorylation in aspirinized platelets. Washed platelets treated with
1 mM aspirin were incubated with flavonoids (100 um), SQ29548

(10 um) or with the Src kinase inhibitor PP2 (10 um) and then
stimulated for 2 min with thrombin (0.5 U mlI™"). Phosphotyrosine
proteins were identified by Western blot as described in Figure 3 and
quantified by densitromety using Quantity One software. The upper plot
is a representative blot and the lower panel shows comparative results
of the densitometric analysis (mean = SD, n=4). API, Apigenin; GEN,
genistein; LUT, luteolin; QUE, quercetin; RUT, rutin; SQ, SQ29548.
*P<0.05 compared with platelet phosphotyrosine content detected
upon thrombin activation in the absence of inhibitors
(+dimethylsulphoxide)

nists. In order to further confirm the interaction of these
compounds with TP, binding assays using *H-SQ29548
as a TP tracer were carried out in washed platelets, in
myometrium tissue and in a model of TPo- or TPB-
transfected HEK 293T cells. Under our experimental
conditions, *H-SQ29548 binding to these four types of
cells was best fitted by Scatchard plots to a single class
of binding sites, and binding parameters (Kd and Bpax
values) were calculated with LIGAND software. Trans-
fected HEK 293T cells displayed overexpression of
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Thrombin - + + + + + + + +
(0.5 U/mL) DMSO DMSO API GEN LUT QUE RUT SQ UO0126

Table 2

(kDa) 444 — = Parameters of binding of *H-5Q29548 to platelets,
427 = s human myometrium and HEK 293T cells
Bl-tubulin e —— — — R R ——— Kd (nM) Bumax
50 - Platelets 8.7+ 105 1240 = 1268
Myometrium 32.7 =245 439 + 189
HEK 293T, TPou 162 +4.7 95 1951 £ 422276

25

ERK phosphorylation
(Arbitrary units)

0
- + + + + + + + +

DMSODMSOAPI GEN LUT QUE RUT SQ U0I26

Figure 6

Effect of flavonoids on thrombin-induced phosphorylation of ERK 1/2 in
aspirinized platelets. In vitro aspirinized platelets were incubated with
flavonoids (100 um), SQ29548 (10 um) or the MEK inhibitor U0126
(10 um) and then stimulated for 2 min with thrombin (0.5 U ml™).
Phospho-p44/42 ERK in platelet lysates were identified by Western blot
as described in Figure 4. The upper plot is a representative example of
phosho-ERK detection and the lower panel shows comparative results of
the densitometric quantification performed with Quantity One software
(mean = SD, n=4). API, Apigenin; GEN, genistein; LUT, luteolin; QUE,
quercetin; RUT, rutin; SQ, SQ29548. *P<0.05 compared with ERK
phosphorylation detected in the absence of inhibitors
(+dimethylsulphoxide)

*H-SQ29548 binding sites with an affinity comparable
to that of platelets and myometrium (Table 2). Non-
specific binding of *H-SQ29548 to nontransfected HEK
293T cells was negligible.

As illustrated in Figure 7, established TP ligands such
as U46619 and 1-BOP, but also high doses of apigenin,
genistein and luteolin behaved as inhibitors of
*H-5Q29548 binding to the different cell types analysed.
By comparison, quercetin reduced less effectively
$H-SQ29548 binding to TPo- and TPB-transfected HEK
293T cells and to myometrium, than to platelets
(Figure 7), and glycosylated rutin displayed negligible
interference in ®*H-SQ29548 binding to either cells.

Discussion
Diet is recognized as one of the environmental factors
that influences haemostasis and may alter the predispo-
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HEK 293T, TPB 132+1.3 377774 = 194787

Washed platelets, human myometrium homogenates or
HEK 293T cells were incubated as described in Materials
and methods with *H-SQ29548 (5 nm) in the presence of
increasing concentrations of SQ29548. Displacement
curves of specific binding were analysed with LIGAND, to
achieve the dissociation constant (Kd) and the maximum
number of binding sites (Bma,< molecules/platelet;
molecules/HEK 293T cell; fmolmg™ protein for myo-
metrium). Results are mean * SD values from three
experiments with different cells or tissues.

sition to thrombosis [36], and the dietary components
flavonoids have been found in epidemiological studies to
have beneficial effects on cardiovascular diseases [37].
To date, an increasing number of in vitro and ex vivo
studies strongly suggest that flavonoids may exert this
beneficial effect by modulating platelet hyperreactivity,
which plays a major role in atherothrombosis [1]. Con-
sequently, a major effort is focusing on unravelling the
mechanisms underlying the effect of flavonoids on plate-
let function [7-12, 24-31].

In this investigation we have provided evidence that
some flavonoids, namely apigenin, genistein, luteolin
and quercetin, inhibit TP-mediated signalling events.
First, we have shown that these flavonoids impair
U46619-induced release of Ca* from intracellular
stores in a dose-dependent manner, with 1Cs, values
between 10 and 25 um. These results are in close
agreement with previous data from McNicol [30] also
showing, under rather different experimental condi-
tions, that genistein inhibits U46619-induced release of
Ca*, and with other reports that reveal the ability of
quercetin to inhibit [Ca®*]; mobilization induced by
chilling or collagen [11, 38]. In our study glycosylated
rutin, up to 500 um, displayed a negligible effect on
U46619-induced [Ca?']; release. This is in contrast to
the reported impairment by rutin of collagen-induced
[Ca®*]; mobilization [25] and may suggest a selective
action of this flavonoid in collagen signalling. Some of
these flavonoids might be modulating platelet Ca?
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Effect of flavonoids on *H-5Q29548 binding to (A) platelets, (B) myometrium, (C) TPo-transfected HEK 293T cells and (D) TPB-transfected HEK
293T cells. Washed cells or tissue were incubated with 5 nmM*H-SQ29548 in the absence or in the presence of U46619 (5 um), I-BOP (5 um) or
flavonoids (100 um) as competitors. Nonspecific binding was determined as the residual binding of *H-SQ29548 in the presence of 10 um SQ29548.
Data represent percentage of *H-SQ29548-specific binding, considering 100% of binding as that achieved in the absence of competitor
[dimethylsulphoxide (DMSO)]. API, Apigenin; GEN, genistein; LUT, luteolin; QUE, quercetin; RUT, rutin. Data are mean = SD from three different
experiments. ¥P < 0.05 compared with binding in samples without competitor (+DMSO)

levels through alternative mechanisms such as inhibi-
tion of protein kinases or blockage of calcium channels
[11, 25, 39]. However, the minor effect of apigenin,
genistein, luteolin and, to a lesser extent, quercetin on
thrombin-induced [Ca*]; mobilization in aspirin-
treated platelets, together with our binding data,
suggest that the effect of those flavonoids on U46619-
induced [Ca*]; mobilization may involve antagonism
of TP.

Activation of numerous downstream kinases, includ-
ing tyrosine and MAP Kkinases, is another well-
established consequence of TxA,/TP ligation [21, 22],
also confirmed in this study under conditions of calcium
chelation to prevent feedback signalling events depend-
ing on aggregation and secretion. Apigenin, genistein,
luteolin and quercetin, similarly to SQ29548, and in
contrast to rutin, inhibited substantially U46619-induced
increase in protein tyrosine phosphorylation. Some of
these flavonoids, most notably genistein, have long been
considered to act as nonselective inhibitors of tyrosine
kinases [40]. However, this potential mode of action

would be unlikely to account solely for the impairment
of U46619-promoted increase in phosphotyrosine
protein content by flavonoids seen in our study, since at
the same concentration they were significantly less effi-
cacious, with the exception of quercetin, in reducing
thrombin-induced elevation in protein tyrosine phospho-
rylation in aspirin-treated platelets. Thus, our results
further support the concept that isoflavone genistein is
not a particularly good inhibitor of tyrosine kinases in
human platelets following stimulation with thrombin
[29, 30], and for this purpose the flavonol quercetin is a
better choice.

Human platelets contain several MAP Kinases,
including ERK-1 (or p44-MAP) and ERK-2 (or p42-
MAP), p38-MAP, and MEK 1 and MEK 2 kinases
[41]. The ERKSs are phosphorylated, and presumably
activated, by various agonists such as thrombin, col-
lagen and TxA; analogues, but their role and relevance
in platelet function remain unclear [35, 42-44].
Despite recent interest in the effect of flavonoids on the
ERK pathway in several cell types and mainly in the
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cancer setting [4, 6], the effect of flavonoids on ERK
1/2 activation in human platelets has not been previ-
ously investigated.

This study further confirms ERK 1/2 activation in
response to platelet stimulation with either U46619 or
thrombin. Moreover, we have demonstrated that apige-
nin, genistein, luteolin and quercetin are efficient in-
hibitors of ERK 1/2 phosphorylation induced by TP
agonists. This inhibitory effect could involve blockage
of signalling downstream TP, since these flavonoids
have a minor effect on TxA,-independent thrombin-
induced ERK phosphorylation. Under our conditions,
thrombin-induced ERK phosphorylation was sharply
inhibited by the MEK inhibitor U0126, but not by the
Src-inhibitor PP2 (data not shown), thus raising doubts
on whether ERK phosphorylation proceeds in a Src
kinase-dependent manner [43].

In addition to platelets, TP are abundantly expressed
in other tissues, such as vascular and uterine smooth
muscle, placental tissue, endothelium, epithelium,
thymus, liver and small intestine, with TPo, expression
predominating over TP in most tissues [45]. In plate-
lets, the above data and our recent work [31] strongly
suggest that the inhibitory effect of certain flavonoids
is related to their ability to antagonize TP. Flavonoids
may use the same mechanism to modulate TP signal-
ling and TxA.-mediated actions in other target tissues,
such as contractile activity in the uterus [46-48]. In
support of this hypothesis, we found that apigenin,
genistein and luteolin, but not rutin, behave as TP
antagonists, not only in platelets but also in human
myometrium and in TPa- and TP-transfected HEK
293T cells. The fact that these compounds bind to both
TPa- and TPB-transfected HEK 293 T cells suggests
that flavonoids might modulate cell-signalling events
downstream of both TP isoforms.

In summary, we have provided evidence of impair-
ment by certain flavonoids of platelet signalling events
downstream of TP, which is likely to be related to their
interference with TxA,~TP interaction. Remarkably,
binding of certain flavonoids to TP also occurs in
human myometrium and in transiently transfected TPa
and TPB HEK 293T cells. These findings raise the
question of the role of dietary manipulation or phar-
macological supplementation with flavonoids in situa-
tions such as the prevention of atherothrombosis, or
for the prevention and/or treatment of hypertensive
pregnancy complications due to overproduction of
TXA,.
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